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The author wishes to express his sincere 
appreciation to Assistant Professor Robert L. Schiffiman, for 
his assistance in selection of the topic, and his guidance and 
Constructive advice in setting up and conducting the ex- 
perimental phases of the research conducted, His timely 
sugzestions and explanations of research objectives and re- 
quirements have been of inestimable value in this work, 

In addition, the author wishes to acknowledge with 
migibituae, the innumerable helpful hints and practical 
suggestions offered by Associate Professor Stanley V. Best, 
without whose excellent class-room instruction the under- 
standing of the subject watter ‘vould have been many times 


mere aGQifficult, 
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ABSTRACT 


thes Tergagchi Wicorysesscouscolidation docs mousgcon- 
Eiacr thc time-dependent loading conditions, encountered in 
mearnary construction practice, cxcept in a graphical approx- 
imation, The development of a rigorous mathematical solution 
fo this problem by Schiffman requires simplifying assumptions 
Beeb ive LO the permeability and consolidation characteristics 
of the soil in order that the gencral differential cquation for 
mensolidation under such loadin: may be lincarized. 

The investigation of the validity of these assumpt- 
ions for the case of one-dimensional flow was conducted, 
Meelizing both standard lever-arm and bellows type consolidation 
equipment, The assembly and use of a constant-head permeameter 
BO measure flow volume through a consolidating soil mass pro- 
vided, for the first time, an opportunity to correlate instant- 
mmeous and average values of the cocfficient of permeability, 
[ieee tac porosity cxistant at the time of reading. The wide 
Pereance in instantaneous valucs dictated the use of finite 
Peeremontol average valucs. By limiting the time increment 
bo 15 minutes, it was found that analysis of data was con- 
Siderably improved, 

Pour COnsola dol on tess Were wcomducrCcd, Using 
Peevantancous standard incremental loading, time-dependent 


loading and small incremental loading. A proposed fifth test 


hal 





using small incremental loading was cancclled duc to failure 
Sipagmebeal casting in the cquipment under 16TSF loading. A 
Puree kKaolin»clay was tested in order to limit the numbor of 
Ueriabikes cntering into the problom. It was considered that 
the use of undisturbed natural soil samples would introduce 
Pncvangible factors which would scriously interfere with the 
Semectives of this pilot study. 

Amo LySis Or mlesueCNcCansnOWS Godly om COnstiicuilen— 
mype (1.0. time-dependent loading), the assumption of lincar 
variation of permeability with norosity, utilized by Schiffman 
Maeois solution of the general differential cquation of con- 
fertaation, is valid, but only for small load increments. The 
meg@earity of this rclationship does not apycar to hold under 
conditions of lars;c absolute loads applicd over a short time 
merrod, it is hypothisized that the anparcnt cxponential 
merprvlonship is the result of the shearing of adsorbed water 
meom vnc clay particle during an intense structural dcnsi- 
freaolOn under such loading. Further study of this problem 
was strongly recommended, 

Eicmanppeoximatiton bFechnidguc Utilized by jociivinan, 
Mmameooe SOlULIOnN of the variable nermcability casc, was found 
memoe limited in accuracy only by the time-incerement used by 
Mac investigator, A wide variance in average values of the 
meeriiciont of permeability was found to exist under all 


conditions of loading, which factor requires almost constant 





Sumem@ence if the average valuc is to apnroach the instantancous 
veluc,. 

Nereconclusicme Was sdravoe rol jtivesco cwne consolidav- 
ion-permoability-time relationship under time dependent load-= 
meeeeesmcc Titting proccdurcs for the test curves woro not 


Secoaolished during this investigation. 


ait 
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Ti fRODUCTION 


LO ecurie 

The furnishing of a reasonably accurate engineer- 
mee CStimate of the settlement to be encountered in the 
founding of man's structures on soil strata which have been 
emlojecved to the vagaries and assaults of natural forces for 
miblenia of time, has been one of the nost important con- 
MemourtOns of the field of soil mechanics to the Engineering 
mmoression. The com ilexity of the Solution to this problem 
@annot be overstated, since both interdesendent and non- 
dependent, linear and non-linear, variables are encountered 
mroushout any analysis of the settlenent characteristics of 
mieineering Soils. 

BUCUSeONeMCUrrelt practice of S611 lechanmes sand 
Foundation Sngineers to comoute total settlement and the 
meme=rate of settlement of loaded coimressible strata in 
meeordance With the mathematical analysis developea by 
Dr. Karl Terzaghi in his theory of consolidation. Although 
mmraiy correct for the assumptions used by Dr. Terzaghi, 
eae use of theTerzaghi theory does not always render 
Maraotactory results, Since the sinplifying assumptions of the 
theory cannot usually be found in the field. Among the 
maemo cions used by Jr. ferzaghi is the conce>t that loads 


mee a0plied to the soil instantaneously wicnout changing its 





permeability characteristics. Although several others of 
the basic assumotions of the theory of consolidation are 
subject to critical revue, al @xtension to the Térzaghi 
theory as developed by Assistant Professor R.L. Schiffman 
of the Civil Engineering Department, Rensselaer Polytechnic 
Institute, proposes a solution to the settlement problem 
which considers the loading to be time-dependent and the 
permeability to be variable. Since this analysis closely 
approximates field conditions, it is considered that a nore 
accurate appraisal of the action of soils under loading may 
be gained by its use, vice the original Terzaghi theory. 

WoGh certain sigplifying assuxotions, the 
Seertiman concepts can be used®to predict the total settle- 
ment and the time-rate of settlement of comoressible strata 
under time-dependent loading, within the limits of 
mathematical accuracy anc the validity of the simplifying 
assumptions. The validity of these assumotions is the 
standard against which the application of Professor 
i fian's Solution must be measured, if the solution is to 
eemeousidered a weeful contribution to the practice of Civil 
iaeinecring,. 

ives UNG spocIITG OO jJCCUIVesol Enis thesis 6 
Peoauct a series of tests designed to investigate the time 
Selects of continuously varying loading on the consolidation 


feescolls and the variation of soil permoability with pore 





Pegesures induced by such loading. 

tne ceneral obieeuivenol these imvestigations is 
to contribute to a more thorough and basic understanding of 
ie action of compressible soils under loading, with 
eemrcnsuratcly improving accuracy in the prediction of 


scttlements, 





it 
B.) soUSsterrealeney 1 ow 

The accurate prediction of the settlement 
characteristics of compressible soil strata under loading has 
Moemed major topic for rescarch and discussion for several 
decades. The statemont of Collingwood (1) in 1891 that 
sound undisturbed earth "should be penetrated to a 
Sufficient depth to insure that it is not underlain by semi- 
fluid or compressiblo material, which may in time yield and 
@evisc trouble and danger..." while qualitative in nature, 
Meverthceless indicates an awareness by practicing Civil 
Mmaeinecsers of that era, of the basic cause of the settlement 
phenomenon, 

Although the scientific approach to cnewumacr= 
meaoing of soil action had been in the process of develop= 
ment by such pioneers as Wollny 1879-98 (2), Schlicter 1897 
(3), King 1899 (4), et al it is to be noted that their work, 
Maebe contributery to the broad base of fundamental soil 
knowledge, was primarily directed toward the agricultural 
ioe Of SOllS., Thus the use of enginecring judgement and 
Seeeericnce, and emperically derived formulac remained the 
meers OL the Foundation Engineer until well into the second 
meceade of the present century, 

Dip une pUDL CAlvons iim 92 oeob aia tioom, sol 


Poensolidation", Dr. Karl Terzgaghi (5) provided a major 





contribution to the sceiontifiec cvaluation of one of the 
Foundation imgincers most pornlexing problems - the predict- 
Pee. setulcments to be cxpected after loading a compressible 
soil, Using fundamental physical laws and simplifying 
assumptions, Dr. Tcorzaghi dcevcloped a mathematical treatment 
of the complox functional inter-relationshipvs of various soil 
propertics which by thermodynamic analogue yiclded a 
fmeemerential cquation solvable by use of Fouricr scrics, 

Pee theory, bascd in bart on instantancously applied load- 
me and constant permeability, for the rirst time provided a 
Meoncitavive, albcit not cottpletely accurate, measure of the 
memsolidation of co :ressible soil strata under loading, By 
meaemeoluvion of the Consolidation problem Dr. Torzaghi, in 
mie words of Proiessor I*.P.Tschebotarioff, "becane the round- 
er of the new scicnce of soil :nccnanics" (6), In 1941 
meoressor £.J, Kilkawlcy (7) brovsht together the fundamental 
Bemeecpes underlying Dr. Terzaghi's work, and presented a 
memeacton of the differcntial cquation under conditions of 
Meeroing and drainage cncountcred in the ficld, 

It is obvious that the assumption of instant- 
antancously anplicd loading, while achicvable in the 
ieaporatory, cannot be duplicated in the crcction or a 
mmeneture., In an effort to account for this incongruity in 
Sempucing time-ratces and total scttlement, Dr. Terzaghi 


advanced an avproximate graphical method which after 





extensions by Professor Gilbuy and Professor Taylor (8) has 
Meemeacceptccd as the closest available approach to field 

mesos conditions. The recent work of Professor Schifiman 

fo) in developing a rigorous mathematical analysis of the 
@emscolidation process, as it is affected by the time-=-rate of 
feading, permits an analytical cvaluation of the scttlenecnt 

to be encountered without recourse to graphical approximations. 
feiss the purpose of this thesis to investigate the validity 

meer Or Cssor Schifitwan's assumptions in extending Dr. Terzashi's 


work, 





Piet 


THYORY 


Pee nc Consolidation Process 

The comweression of Semiks undcmeexternally agnlicd 
ieads, cither natural or man-made, is the basic cause of 
Peeerement of structures. This compression is intimately 
associated with the pore spacecs,(ie. intergranular voids) 
ee the soil structure, and the cscape of ground water, there- 
from, Since both watcr and the soil grains are considored in- 
Compressible, the only way that the hoight of a soil mass can 
Pemecauccd, im the vertical blianc, is oy the cs¢abe of the 
Peer Woaber [rom the soil structurc witn a concurrent, 
Sem@etivying, structural rearrangoinent of the soil grains, 
Peeientt 15 scon that the rate of compression of a soil 18 a 
Meret ion Of the rate of cscanc of »norc water. 

Wiech the applicavion of load to ay savuraucd 
mer wous SOll mass such as clean sand, the escape of pore water 
meelmost instanteancous, since the pervioushess of the soil 
maces no obstacle to free passage of water, On the other hand, 
memeenc loaded soil is a saturated clay, the cscape of the pore 
fewer requires considcrable time for completion, At tne 
Mastant aitcr load application, before any pore water has cs- 
omea, thc Soll structure cannot support any of the applied 
[ieed, Since it is in cquilibrium, and any change in this con- 


dition requires rearrangencnt (ic.compression), It follows 








that the load is supvorted, temporarily by the pore water, 
Mewen Gust incur an increase im prossure to seriorm this 

meat, This incrcasc in pore water pressure is termed 
Mnydarostatic excess pressure", Under conditions of boundary 
Oeainarc, the hydrostatic excess pressure is subsequently 
merreyvod by the cscape of pore water. This pressure relicf 
bepemoundary drainage, requires transfcr of stress from the 
Pocaping porc-watcr to the grains of the soil structure, which 
meaetvsS to the induced forces of loading by a reduction in 
meme CQuivilcnt to the volume of cscapins pore water, thus 
permitting additional intergranular contact to absorb the 
Memes: crrcd surcssces. In this manner, the stresses duc to 
Memoime Slowly pass from hydrostatic exccss pressures to 
mipcrpranular or cficctive pressures, with full stress assumpt= 
meeby no soil structurc, upon complctc dissipation of the 
Pmeeostvavic excess, This adjustment proccess whether it be 
memavivCly fast, as in sands, or very slow, as in impervious 
ees, is termed "consolidation", In its simplest form the 
@emaolidation process is reducible at any instant of time to 
igge CQUaAtTIOnNS 


ee) oe 





VigmCOMo@csolVe SUrcss duu to the applied load 
Pac hydrostatic excess pressurc 
PMemeli CetlLvc orcs sure 


eet 
be ps Pp: 
au 


meee one limiting conditions of (1) no dissipation of hydro- 


meeric Cxccess and (2) complctc dissipation of hydrostatic 





“ 





‘excess, the equation roauces to 


(1) Pz U 








LO 


B. The Torzaghi Theory of Consolidation 
Tne analysis of the consolidation mwroccss dovelop- 
femby Lerzaghi is oascd on the rollowing assumptions: 
IMPEPCIIOSOnNecOuUSsS Soil jasc 
eae COMplcLe Saturation 
Soe NCSI eibiC. compression ©n S01 Pepe ie ania Waces 
Bee CUrommoim Til LNitossimal masscs DO Cllieremm 
LrOmmpmeu Ol largor, LreCaFrescivauiveo silscccs 
Oe ONC=cdimenslonal compression 
6. One-dimensionai flow 
(a botcy sevens Strictly valid 
Scns Lommmmlues Lor ccortain solleoreperuilcs 
Voreciighiaiy vary vith pressure 
Cy Ola Mauweeyerics lincarly with epslred 
prossures 
mec the Gxeccption of the ninvh listcd assumption only minor 
Mereeiracics arc considercd to stoi from these assunptions, 
Meemlimoar rolationshin betwocn void-ratio and pressure in- 
meeadices SCrious discropencics which limit the valadity or the 


Molution, However, the solution would be woll-nigh impossibly 


) 


megelex under any ochcr tyne or furctionnl variance. 
Pieicemi st llustrates tic consolidation »roccss Under 
meimcidcration. A clay laycr of thickness CH, bctweon tivo 


Mervious sand layers is sure 


© 


GS oy, ates p ites Un U Oud sp. 
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Boundary Drainage pormits dissipation of the hydrostatic 


mee 


an too 
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CONSOLIORTIOW 


aa 








Wee 


meacesseprcssurces imduccd in the poro watcor. As dissipation 
progresses the cffective pressure & increascs from O at tiie te 
Heep at tinic 7,, when the process is completed. At inter- 
mediate times 7,,4.--ctc. the consolidation procoss is shown to 
be more advanced toward the surface and loss advanced at the 
meer Of the stratum. Consider, now, a difforential prism 
Siecsol! from the upocr half of the clay layer, with cross 
Miewional arcoa of 1 and height dz agseshown in Figure 2. The 
PeeezomcCtcr tubos arc considered to accuratoly measure porc- 
Waccr prossury at top and bottom boundaries, Since pore 
meer 1S CSeaping through tho upper boundary a drop in head 
MemeccuUriny im the dircction of flow. This drop in head, dh 
Mmmrclavcd to the dissipation of hydrostatic excess du by 

dh = = Yy sUnNLt we of water 
mec hydraulic gradicnt, i, is defined as the drop of head over 


meeiven distancc. 


; Dees is) 
ag 
By substitution 
1 - & 
Ywdz 


Darcy's Law for flow of watcr throuch soil masscs states that 
ieee racve of flow is proportional to the hydraulic gradicnt 


Vo= ki ke= CoOCctiicicne om 
permcab 1 lie 


¥Y = flow velocity 





135 


Again by substitution 


. k au 
a Yo 22 


fveoitrorcntiation, the change in flow velocity over distancc 


Owe during a given time interval dt cquals 


OY. . kee 
OZ eos 
meee Darcy's Law can also be statcd in the form: 
V= Q. where Q = discharge 
At 


Se CrOosetoeeutona), Aved 
t = time 
meme rows that, in time intorval dt with A=1, W=Q (i.c.: that 
meeei low velocity represents the amount of water cntering the 
base of the prism sketched in figure 2) thon, the increment 
[meerocity Saincd over the heisht of the »rism, az, must cqual 
Meemermercasc in discharge through the top of tho prism, ic. 
ee 1) 
Piyeemermensce jnedischaree {from aerwieeoavueavcd 
meeiust result in a decrease in pore volumc, This Porsity 


Omemec Afi can be cxprcssed as; 


An = —Me.. where c = void ratio 
[Fe 
Smemoinec the cocfficient of compressibility a, = ore 


ia.. a. oP 
+e 





14 


When the change in pore volune An is completcd,the prossure, 


p,cquals the cffective pressure carricd by the soil grains, 7, 


and the preccding cquation can be cxpressced as 


on. OF ay 
ot ot )+2 
Any inercasc in 6 under constant unit load P during time 


{ntorval dt must cqual the decrease in Hydrostatic :txccss 


Pressurc, U, during the same time period. 





rn oo an _ du ay 
ot tétL ot 0té‘i;:*‘«‘T HS 


now sincc 


and 








moe tollows that: 


2 
sia pee Cc ou The fundamential differential 
. oz oquation of consolidation 


whore eo elie +c} Cocfficicent of Consolidation 


The solution of the fundaniontal differential GoW y on a) 


Fourior Scrics, for the boundary conditions as shown 1n 








Beeoro LL, is as follows 


_ Oren 1? T 
4 





nee a 
UG eee we ig rin Ze te 
TP, ZH |! 

maere 4 dimensionless Time factor _ +t 
H 
Wath Cv = Cocfficiont of Consolidation 

t «= timo for Hydrostatic Excess to docreasc to U 

H = Longest Drainage rath for water flow 


By plotting valucs of U for various values of % and n 


the family of curves shown in Figure 3 climinatcs the tedious 
solution of tho consolidation cquation and permits the use of 


Figuro 4 as a practical method of arriving at a puCcd ec uromeEcr 


sottlomont under loading. Since the ultimate scttloment 


ies — ae CL Vv A td 
Lee 


thon the settloment at any time interval equals 


KF = Haw. 2, Where Uavg = Avorage Hydrostatic “Excess 
u e 


L } - 
Ui = Initial Hydrosvatie Ixccess 


on 


However, among the factors ignorod by the Terzaghi 
solution is the gradual, rathor than instantancously, aL wed 
loading oncountcred in the construction process. A fopersyeyeinbie sie 
approximation, basod on the promise that, at Pac cud -oLecel= 


struction, the settloment is the same as that which would havo 


resulted in half the time, if the entire load had beon 
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@ppiicd throughout, was first proposed by Terzaghi and Gilboy. 
Taylor cxtendcd it to provide for predicting scttlements dur- 
Meee thc londing poriod, by assuming that at any specificd 
me -cctitage of the loading period, the load acting cquals this 
merecntagc of the total load; and at this timc, the scttloment 
Sevals the scettlomcent at onc-half the time in qucstion from 
meemecurvo Of time vs. scttloicnt for instantancous loading. 
meee O iljjlustratcs this correction, 

Miessolution of the fundamental difiicrentral cquac— 
Bon which by tabulation gives the curves of Figurcs 3 and 4, 
was bascd upon homogencous boundary conditions, i.c., 
Meessurecs av the top and bottom of the sample arc cqual. The 
Meer ot 4 constant head pcermcamctcr imposcs diffcrent boundary 
Semeaitions than these, in that the anplicd load is resisted by 
ne constant pressurc-hcead of the Permeamctcr. The following 
pemucton to this problem has bcon devcloped by Professor 
Schiffman and graphical valucs for the loads applicd are pro- 


femvcd as Figurcs 6, 7a and 7b: 








Ui. Ut, Bea 
Ce Lu, | ee 


where -4. - 1] - 4 Consolidation 





i, = Pressure duc to Permcamoteor Hoad 
Peeve soure Que tO applica load increment 
pycraec Hydrostatic Msccss Pressure 
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Mo. % Consolidation with Homogoncous Boundary Pressures 
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PROCEDURE 


1. SETTLEMENT 4 Time f¢, = SETTLEMENT Ar Time €1/2. oN INSTANTANEOUS 
Curve (ie. Sarri.émant : 48) 
2, boao MeTInG ar Time t =: b/d, * Torare Lono 


3. Mustipey SETTLEMENT AC Foe Tima ¢t by t/t, to Fino SETTLEMENT VALVE 
For APPROXIMATION To AMeTURL SETTKEMENT 
¥. PearoRmM 3. GRePHICALLY 85 FoLiows: 
a. Diagonar OC JInreRsects Time t ar D: t/7z, «Ac 
b. De Point oN APPROXIMATION CURVE 
Cc. OBTAIN ComPLEeTE Curve By REPETITION fer Various Times 
5 GBéyow~o B , Approximation Curve 13 OFFSET HokiZonrarcty From tHE 


IusTANTANEOVS CuRvE By Va THE Lon OING PERI°D (ie. GE = GF ) 


Fig S - GQRAPHICRL APPROYIMATION OF THE SETTLEMENT CURVE DuRING THE ConsrTrRUCTION 


LomoingG PERIbo (AFTER Tayroe) (8) 
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Pemiay be novod from Figures G,7a and 7b the solution of the 
@ioulon gives tho samc -valuo for the Time Factor as that 
Melatcd by Taylor (8). The basic assumptions of linoar 
Weeravion of hydrostatic cxccess pressure with depth thus 
reduces a socitingly involved problom to the use of tabulated 
Memes, instead of tedious computations for cach variation 


in Pormcamctor head, 
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Sci mae a xconsion) to the Theermy of Consolidation 


P2olessor Semiit tinamuamacyomepmcent of a threoe= 


Pemicnsional anisotropic theory of consolidation ( # ) provides 


a working basis for the study herein conducted. His assumpt- 


mems in developing this theory are: 


(1) 
(2) 
(3) 
ce) 
(5) 
(6 ) 


Completc saturation of Soil Mass 

imeenoecssip le 11uid 

incemoecasible coll Solids of small parvicic size 
Darcy's Law valid at any instant of time. 

Change in volume is lincar with imposed pressure 


Chat ewiitevolene Isecmall compared to original volume 


Gonsider a prism of soil of volume, V, and surface, 


me in accordance with the law of conservation of mass, the 


mula flow into the mass through the surface must equal the 


meee vyOlume change of the mass. In terms of vector functions 


the total instantancous mass flow is cqual to 


‘[Fnds : { dv 


where - | Vin dS = flow into mass through surface S 


and (6 dy =eeenerCase in volume due vo 
- 


internal flow generation at 


rate, Q, duc to head 





mee Volume changc duc to flow is caual to: 





dv . Ow. dv. 
Ot Ot dt 


Rquating, we arrive at: 


h | Vi(koh)+ @ + Que | dy = 


Beeece the volure is arbitrarily cstablishod wo can write 
V-(RVh)+@Q + dv, /at = O 

emeeec Only those strains duc cxclusivcly to volume change are 

Memern considored (assiisptions 5 and 6), only normal stressos 

MeedeDC crcatcd, ‘The :iodulus of Volume Change, 11j is defined 


by! 


Where 


OF 0, +04 0; 


meee the total pressurc or the Soil Mass is composed of the 


Meeral pressurc, u, and the cffoctive mean stress p we can 


writc: 


6<-8:u 


Bijeme U 1S the nore oressure dcefinod by: 


3 


Ce = en h = head 


pimee tne consolidatvormprecccs amvolves the 
ies Cr Of initially incurred stress irom the water to the 


weet prains, we can writc: 


O8= du 











and thats: 
OV’ = arn eee 


By substitution in the cquation of mass conservation, 
Mmesuncm arrive at tho differential cquation of consolidation 
for a variable pormeability and time-dependent loadirg: 
v:-¢ ‘ = ou 
ch TOR ae a ar MM Xw 3y7 
the treatment of the two dependent variables, k and u, is based 


upon the work of Schmid ( j/4 ), who proposes the relationship: 
R= 8 (n-1,) 


where Ve 


My 


Constant 


o) 
1 


Poros ly 


ne 
i 


pee neki CCLLVC Pomocaey 


Wee this relationship, we can cxtcend it to say that a linear 


femweavionship also cxists between k and us: 


R= aut ky 
where 
Ry = Coctficiestuet Conse, idanlon sac wacwond 
OL COnsellaavlen 
o «Modulus of Pormeability Varation 
and 


SY ina 
Pc as) now feast Dveiee est abit a Gali teronci a) 
@ewecion covering the general theory of consolidation under 


Pemaitions of varying permeability and time dependent loading: 








(a) 


(bo) 


cy 
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[aecerms of oxcess pore pressure: —u 


(va PVE TR augue RT Axw = MN Yu Qu 


iMeeeCrOsmemermo permeability k 
ae ay . ie . 1 4 = 
Ligk)-tkvk tt kok ~ Lkvk Ay, mts oh 
and 

TRE Vu -A(Tue 7K) +X CVA) 47K 4 (Ret 


* aya = myo 9y 


ine prescny svudy being limited to the considecrat-= 


Mem OL One-dimensional consolidation, the gcncral Cquation 


mere such a casc can bc writvton: 


(ot) ee aR ae = Be 


where 


R 


C 


dee my dat Mm Xo SOF 


iter! CiieemOolmimDOsSCd CXCOSS porce pressure 


=CCCc! memo lor Consolidation at Sstarv ci con= 


SVorinive Gsmesiic) au 


This equation can be written under the following conditions 


(1) Double Drainage 


(oye INfinetcmommemcnof SOll Mass herEzonvally 


(3) Finite thickness of soil mass 


(4) Uniform initial Cocfficiont of Fermcability 


(oemeeUni form initially imposed pore tressure 
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Peelesccor ocmimtman nas presented several individual solutions 
involving the following problems: 
eo Comstemeepermcability and fenoral time dependent loading 
(2) Constant permeability and lincar loading 
(3) Constant Permeability and construction loading 
m= Constant Pemmeability and harmonic loading 


fo) Variable permeability 


His solutions to these problems are as fohtlows: 


(1) Constant Permeability - time denendent loading 





WwW -~ ena’ _ 
U(Zt) » O(2%) Sin nia |e iH? © Sin nite 
ay 


rH 





ls 
H 
jy ee t 1 i 
fra > sim nag | | {" R(zZt) Sin nA da| ey -T)dr 
Leas eS AH a 


(2) Constant Pormvabilty - lin ar loadir 


0 
U(z,t) = Loo pastes Sh, a a 
ee ee 


ee An 3 / 
UOUGS ton aah pyr 


pieomulecuaveraee Dore pressure canybecrcxprogsed as. 


- 2H 
UCT): zn} UlZijdg 


Then by substitution 


wed = oo ee 
og Seite y nations (i-e° PT ) 
Tot Sy AY 
Where TY is a dimensionless Titre Factor 
T sat 


Figure 8a shows the curve dcvcloped from a computation 
Maeea Of this cquation, from which all other computations for 


mimes; ncar casc can be made, 
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any, 


ieeore 8 (b) proscnts the comeutation involving the 


memocar loading pcriod onding at time t and the amount of 


oO 
Beocss pore pressure dissipated at that time. The nurccentage 
of scottloment complotcd is oquivilent to the amount of oxcuss 
meeonprossurc dissipated and thus the settlement at the end of 
a lincar type construction loading period can be computed, 

As an cxample of the usefulness of Figure 8b, let 

cu 
Memeonsicacr a structurc founded on a clay structum with Cy714% ie 
memeceen, tac longth of construction is rclatcd to the cna 
mene factor To: 
t= 172 To ways 

Bemee coring Figure 8b, a tablo of porccntage cf scottlonment 
Meee ibecame a) DC constructed, in terms of the longth of 
Semeeruction, Table 1 snows this construction as developed 
fee Potressor Schiffman. 

Ilse Of such cabks, the cneincer can now m keea 
Moma! GCsision as to tho dcsired construction tine poriod 
fore n will restrict nost-construction settlements to satisfact- 


Mee alucos,, @F 92S to sclcction of eltcrnate solutions. 


(3) Constant Pormoability-Construction Loading 

fame Lone rcsults of the  ~revyilous sections avallagke, 
meeepore pressure can now be analyzed at any instant and for 
MepmecOnstruction ocriod. Fifsure Se prcsents a typlcal load- 
time diagram for construction loading, whercin 2 load ly, is 
mmposed at time 


po) ened OR tele VCOMSTTUC Ul Onerer log. 
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meeaunmcny Of tnis problem is As dcscribod in (2) above, 
Pugure Gdvand Sc proscnt the solution of the 
dctcrmination of averaso nore vressure during and aftcr con- 
Meemeocron, Tnhosc survos can bo used to avtermine the 
eeerotvical consolida&tion curve in the following mannor: 
(1) Estimatec the construction tine 
' 


meee Deccrimne the Coofficicnt of Consolidation from 


Laboratory tests 
moe bevcrmitic To froin tho Cocflicicnt of Consolidation 


(4) Enter Figures 8d and 80 and sclest vroper Con- 


SO)1Gda510n JUrVve 


(4) Variable Forrwability 

iiemmrcre Coal! On {OVCT IL a uheewcooc 1c. 

(c dus) Su oo 4 gH - ow (Quy - 2M 

ot myw! OZ” myw z* myYw \oz r R= $e 

Memevcr, the somuticon ol "thse eoamavion 25 hainvercd 
faeeos NON—lincarity, lor tmnich sencral techniques of solution 
Meemeumavaiiablo., Solution b; approximation techniqucs is 
M@em@erorc Utilized, in licu cf numerical computetion by 
analogue or disital computor methods. 

Pie ANerCicn tale ime aves i eomeis First con-= 
mmeeror, tt is assuncd the ncormcabiiity remains constant 
eee finite time incrcwont, but that the permcability varics 
Meem Cho incrciont to the next. For a finite nusabor of time 


ia@ercmcents we havc: 
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Meet couine incroizental laboratory test curves tec the 
fmeeorouvrical curves, on the basis of theoretical values of u 
@ieec', Succcssive valucs of tho braskcted torm can be 
Seeeriincad, Tho dogres of accuracy desirod can bc controlicd 
meee Nunbcr of ywnerocwoents utilized in the fitting procedurc. 
bo SOCONd AUprONTia tim const dcrs tnab an Oi- 
Memential ynormcability vorc-pressurc relationship will 
Meeeonimatc tho lincar condition originally assumcd, over the 
Ser s Yangeo of tne consolidation proc.ss. The governing 


Pieetorential Cquation is: 


Meee Doundary conditions: 


) a (o +) = Ry 
(b ) ktz.H 8) : R« 


(e) RtZ,or = Huot ky 
Tm ; | Qo ma ; Tv 
Peeesolution is: b(zt)- ke! Ha 2S Sin 2 nit Tze - oh 4 
N13 $-- : 


which when convorted be ce COS ee eomoere ONCesuUre ics 
Zi): #u no teas 
UlzZt)= Us 5” 1s, we ge War BT 
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Memogual tc: 


J Reais 
TM Yu 





r ba 
-. ed 
Sw ~~. 
*e 
an » 
ag ai 
« 
. 
. 
Li 
» 
a - 
» 
Ca, 
° e 
. 
= 
. 
~,o. 
. ‘ad *: 
Te 
' 
=a 
~ 
“- 
Pia 
4 
. 
* = 
“ eho 
e- me 


ov 


whore 

1s LN Rg 
the solution to the gencral case for one-dimensional 
Semsolidation can be utilized for varying permeability, if a 


Mew Time Factor V is substituted for T where: 


VeaaT 


ieeers mnotcd that as k, approachcs Ky tho vaiuec of B 
approaches Ce 

fib 1s cSStntial, in vieweesolutiocum~eve Satis: y atc 
meer on tonat the soil have an initial and final cocfficicnt 
Seecrimcability, which is constant throushout the mass and at 


Seriunal points in any scgmcnt, 





De Pormeapility 

The property of soil, concerned with the facility 
or travel of watcr through a soil mass, is tormed Permeability. 
Sineo the physical propertics of soils as well as the stato of 
Seescs Of the pore water have important offects on tho 
meenanical bchavior of a soil mass, it can be scen that this 
Meeoerty is of major inteurcst in the study of consolidation 
Beeractcristics of soils. 

DAS Exurcneim acai Spomemcmzcc meacounrLorcd An mos, 
Semis causc any flow of watcr through the soil mass to bo 
Mmeonar in naturc, (i.c. the a:iount of head lost in friction 
memcirectly proportional to the velocity of flow). Such 
me@eaer flow talkcs placo in acecordancc with dynamical 
Seeetons of motion which by analysis of various simple 
meemncl shapes have bcen reduced to usacle formulas. In 
Cnginccring probloms the flow throush individual flow channels 
menor roequircd, but it is rather the average flow through 
eee goil mass which is immortant. 

H, Darcy in 1856 demonstrated cxporimentally that 
e@emvclocity of porc-wator flow through a soil mass is directly 
mmeportional to the hydraulic gradicnt thus formulating the 


mersre law of flow 
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= wa! whoro v = Velocity of flow 


Ke Men Grove Miai te site iplivamcey & 
Clete auto leas 


pH 
\t 


Hydraulic Gradicnt 








od 


iiieetlow velocity, thus defined, is the superficial vclocity 
through the soil mass, not the specific vclocity through cach 
meow channcl, 

WoW we! coe Bovelincs imlole: (cea Walenlpoyr stole: Abenqinersdaul Ihsn way 
mare ctly, the use of a constant head pormcamctcr provides a 
meter, Slimplc solution. Consider a soil sample with cross- 
Seeeeomal arca, A, and heisht, L, Let there be a supply of 
femer Ot constant clcvation, H, above the samplo, and let there 
me some mcans of mcasuring flow volume through the sample. 


With these valucs known. Darcy's Law can be re-written: 


Wog a) aa whence isos icles QL 
A 


AtH 


j 
ral 


poere 2 = Total Volumc of Flow and t = time, 

ine usc of 9 constant=head per camctor has been 
restrictcd to soil types of rclative coarse grading, since 
meee volume throush fine grained soil is small. Howevcor by 
continuous iteasuroment of flow volume during a consolidation 
test with the apparatus shown in Figure 9, flow volume 
feecurcmont is 4 simplo mattcr. In addition to the obvious 
Meeetioaecs of consolidation=-tiine valucs for flow volumc, this 
Meeeeatus Cliitinatcs the problems of oir-prcssure application 
meeountcored by Petcrson (12) in using a variable head permeca- 
feieee LO moasurc flow through an Tllite sarmlc. In addition 
memmakcs possiblc, an almost instantanvous cvaluation of 


Peemoability at any small rinite time interval. 
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Pao Cvaluation of the coefficiont of permcability 
Bemmariod oy usc of the apparatus described above is a function 
pueil) the porosity of the soil mass (2) the shape and size of 
Baeevolds and (3) the density and viscosity of the fluid. 
Since we are dealing with a pure Kaolin Clay, laminar flow may 
be assumed. In dealing with the porosity of fine graincd soils, 
tt must be noted that the flow channel crossescctional arca is 
meawecd by the amount of ionically "bound" wator which is 
adsorbed on the surface of the soil particles and, bcing im- 
Mevablc, blocks part of the flow path, 

Me work of Schmid (13) indicatcs that the cficcet 
pees ‘bDound" watcr can be reflected in an extension to the 
well-known Hagin-Poisculle cquation for laminar flow through a 
Mier ol ConStant crossescction (8). Schmid's cquation: 

k = ee Or Gas 
352 AX 
Where Y¥,,= unit wt. of water 
me-pricetive Diametor of Soi) Particilcs 
muse OrOSLtyY Cf Soul 


Wee trot iCOtive Porosiby dec. channels plocked 
by "bound" wator 


A= cocificient of viscosity of water 


meomoarves that the cocfficicnt of pormeability is directly 
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Meepertional to the “effective” porosity, (m= no). This 
concept would appear at variance with the experimental data 
compiled by numerous investigators, which shows that plot of 
feeevs ilog eas a Straight line, i.c. an exponential 
relationship. However as Schmid points out, the basic 
relationship, n=@ 1S actually only an approximation of 

the serics ee of the function log 1 or log etl, which 
[iemorcs the higher order terms. In ceaaierey the ee ronanae 
between n and e is logarithmic and thus Schiid's work can 
Mmemecconcileéd With other investigatorst work if this factor 
memeecopmized, The crror involved in ignoring, the higher 
order terms is less than 104 and decreases ravidly with in-~ 
creasing void-ratio,. 

Tigeewcolgie-line rolationship pGiweon porosity 
meee cOCitTicient of permeability does not hold in the 
fmeeeon O=no and schmid indicatcs that such deviation can 
memoxpeccled, Since in deriving his equation he made two 
approximating assumptions: 

mmmliat tho eireetive diameter, DE , is constant. 


/ thas the ineffective porosity, n. , is constant. 


6 
Mmmenearc never achicved in actual testing. It is further 
Smeeesvcd that the consolidation process, by virtuc of its 
meewetion in rate of porosity change at large loading 


M@eneuientS, would indicate that such deviation should be 


PeseeetLca in Such regions. Since these regions are the samo 
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SaWnerc n-=no, The straisht-line relationship would thus 
Memerivalid for larger Load intremonts whivre porosity changes 
Peeewomall rolative to the ayolicd load, 

Die VecUeatencvmme OmvoL, the cociitercent of 
Meemeability, during the consolidation proccss, is of oxtrvuime 
me@eortancc, since the simplifying assumptions of both 
Metezoehi and Schiffman, include k as a constant for the onc- 
Memensional drcainafc conditions considered herein. The 
Meee rmination of the nanner of variance of k with decreasing 
porosity under consolidation loading would be of assistance 
Gm the solution of tho more complicated timc-and=-space 
Sree nacnt considcration of the consolidation process as pro- 
Memeo DY Schiffman. Toward this cnd the ovaluation of k 
Meer the consolid:tion proccss will be attemptod as part 


of this work, 
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Pra lee 


MATERIALS AND APPARATUS 


The soil samples used in the conduct of this 
investigation were prepared from oven-dried pure Kaolin clay 
secured from WARD!'s NATURAL SCIUNCE CORP., Rochester, N.Y. 
under the sample designation "Kaolinite-Dry Branch Ga. 

Dana 492", This relatively pure clay mineral exhibited a 

very sensitive reaction to moisture, as noted during the 

tests for determination of the liquid limit, where the addition 
of a few drops of distilled water changed the blow count by 10, 

For the conduct of the control test, Number l,; a 
standard Fixed Ring Consolidometer as shown in Figure 10 was 
imu lazed, 

The application of time-dependent loading to the 
samples during tests Number 2, 3, 4 and—3, was accomplished 
by means of the apparatus shown in Figure 11. A Conbel Model 
No. 350 Consolidometer was adapted for use with a King 
Manufacturing Coimpany visual bleed. ica visual bleed, re-= 
ferred to throughout as a time-dependent loading device, was 
filled to within approximately one and one-half (14) inches 
of the air outlet with a hish-quality brake fluid, The 
pressure accumulator. and bellows on the Conbel equipment were 
also filled with brake fluid in accordance with the manufactur- 


ees instructions, 





Fig, . 10 
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For the direct measurement of permeability during 





tests conducted, a constant head permeaneter as shown in 


Figure 9 was constructed and utilized. 
if 
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PART 1V 


Testing Procedure 


A. Preparation of Sample 
All samplesmvere prepared ab the wigquid Linit de- 


Permmined in accordance with ASTii "Standard Method of Test for 
Liquid Limit of Soils", ASTIi Designation D-423-39. Flow Curves 
Meceein determining the Liquid Limit are shown in Figure le. 
Reproducibility of the Liquid Limit in mixing the sample prior 
to testing was considered to be satisfactorily attainable by 
Use of the Standardized Syvatula iethod, as may be evidenced 
by the moisture content deviation being less than 1% for all 
Pomobes, The electric mixing of saimles as proposed by 
Bdnonds and Warren (10) was attempted but not utilized since 
the entrainment of air within the sample appeared excessive, 
The sample was placed as follows: a 200 gram. 
dry weight, sample was prepared at 3% above the Liquid Limit 
Mmemeeralsterred from the evanorating dish to an open plastic 
cylinder 4 inches in heigsht and 2,500 inches in diameter. The 
cylinder was sealed by a metal plate at one end and beaten 
Seeniely against a solid surface, concurrently rotating and 
tanping the sides of the cylinder with a metal rod, Entrapped 
air is visibly removed during this nrocess. The sample is then 
extruded by means of a porous stone piston on to a glass plate 
Bovered with a filter paper. The ».lanar surface, produced by 
extrusion into the glass plate, is then forced into the fixed 


ring and the sample accurately trimmed to the ring size. 
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B. svandard Consolidation Test 

Tes Now t Was conducted ola standard Fixed hinge 
Bemoolidometer as described in Part lll. As suggested by 
Professor Burwister (11) this test was used as a pilot study 
to establish techniques of sample preparation and testing. 
bince no apparent swelling resulted from immersion of the 
Semele, and the strain did not exceed .02 in, per in. it was 
decided that the testing cycle shown in the raw data sheets of 
Pemenaix | would be satisfactory, It is to be noted that there 
meecearth of literature on the vrevaration of disturbed 
Saeeeres Lor consolidation testing, which factor makes a vilot 
MeeenOl this nature an adeolute necessity for any testing of 
peerematerials,. Anpendix 1 also includes raw data from a 
Pemeurrant pilot test conducted by V. MeGuffey on the same 
material with the saine equipment, McGuffcy's results show 
maepereproducible results can be attained if technique and 


Meececure are carefully analyzed and correlated, 
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Ce. Time Devendent Loading Tests 

Tests No, 2 and 3 were conducted using the apparatus 
described in Part 111. The Conbel equipment was calibrated 
by the uso of dead weights vs. air pressure and it was determin- 
ed that the calibration charts furnished by the manufacturer 
were accurate to within one pound of load applied to the 
sample in the 1-2 ton range. It is suggested that future 
calibrations of this equipment be accomplished by a proving 
fee wit a planar unper surface to insure axial loading. 
Attenpts to calibrate the equipment with standard laboratory 
proving rings were unsuccessful, due to the tilting of the 
bellows at pressures above 4 psi due to lack of axial re- 
pmeeerice to load by the nroving ring. 

Figure 13 shows the calibration procedure followed 
for the time-dependent loading device. ‘Tables @ and 3 in-~ 


dicates calibration vressures and data in tabular form. 


Figure 14 indicates the operational procedure 
Berwowed in anolying; time dependent loading to the sample 
by means of the ti.iie-dependent loading device. 

Raw data snowing pressure increments and loading 


cycle times are contained in Appendix @2@ and 3. 
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IDE Pseudo Time Dependent Loading Tests 

Tests 4 ama@—-— 3 were conducted in an effort to 
approximate time-dependent application of load by use of 
Poel ineremental loadings over small finite time intervals. 
Load was applied instantaneously by by-passing the time 
dependent loading device as shown in Figure 11. Raw data 
snowing pressure increments and loading cycle tiimes are 


contained in Appendix 4 and—65, 





on 


He Permeability Mcasurements 
Direct measurement of Permcability was achieved 
by weans of a constant head permeater as shown in Figure 9. 
[ecepallary tube was calibrated to ,l c.c. and volume decreasc 
Mewed at cach reading of the consolidometer., Thus a direct 
relationship between permeability and void ratio was 
Se eavlished for all points of the consolidation process, 
Considerable difficulty wasgemperienced in 
establishing valid permeability data under small loading 
Pemaitions (i.c. + t.s.f.). The periicameter head is sufficient 
to cause sample uplift prior to application of load and as is 
shown in Appendix 4, affects the consolidation proccss to a 
considerable cxtent. It was therefore necessary to restrict 


permeability mcasurements to loadings of greater than g t.s.f. 


It must also be noted that the direct measurement 
of k for such a material as Kaolinite involves extremely 
silall measurements of flow volume, Such measurement is 
feasible under time-dependent loading conditions since the 
porosity is decreasinz at a rate which vermits accurate gage 
readings for flow volumes of sufficicnt magnitude as will 
minimize interpolation crrors. However in instantancously 
loaded samples, the load application: 

(1) Creates an initial surge of pressure which 
causcs a negative flow into perincanctecr for 


eee Od Oleapprox imma wely eo Mminilucs 
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(2) Seriously rpeetrvers the cvaluation of 
permeability data after the initial 3 
Minute supec period; because of the lack 
Of KNO “Meme as tO ene Lime or pressure 
LIMES Ciel rece Meme C ai ver the 11ipral 
o mlnUuces, 
The problem involved in (2) above is reflected in widely 
Seaevercd permeability valucs for all load increments of 


Mest Wo. l. 
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PAR y., 
RESULTS and DISCUSSION 
me, EQUIPMENT 
The test equipment, as designed and assenbled, 
provided data of sufficient accuracy for a pilot study of 
Mots nature, For future development of test data, requiring 
meprocucible results for purposes of definitive analysis 
and for publication, the equipment should be modified to 
provide the following: 
(im Pprecisemeontretien load 
aApplicavi cn dues she Time 
Bependent Loading cycles. 
(2) Smaiier bore, cquivitent volume 
permeameter to provide more 
precise calibracwonse. 1 1ow 
Vole. 
DISCUSSION: 
(1. ) The application of Load at a fixed linear 
Mauwe 1S Of GXURGiIEM—Iinpertance im une conduct of 
tests designed to investigate tne validity of 
womliiman's Cxvons lem ol mpde aumcory wor bhe one 
dimensional flow condition, It is noted that the 
maue ol change of Umposedpexcecos pore pressure, k, 
hommgein the foverningedltrercnoial equation, is in 
meliGoe tame rate of anblteauion of load,  Theretore for 
Severor Une CaScCS COnsidewedsin his treatment ef Lic 
one-diimensional flow condition, the loading device 
Must Demeapalle Ol precise seonurol,, 11 correlative 


data 1s to be developed. 
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eo) The use of tne Constan@eHead Permucamcter is 
well adapted for precise measurement of permeability 
taeime the onsolidation DReocess, However, the ysinaie 
iMew volume, -cencoungcred Pitm the use “of clay soils, 
dictates a Liger calibration er tme horizontal tube, 
mordcr (oO Miniiize apamgeximavine crrors. A smaller 
bore lube would = provide tie precis1onm required but 
has the disadvantage of reduced volumo availability. 
such reduction in volume can only be compensated for 
in two ways: (1) Extreme length of tube or (2) Con- 
stant attendance to preclude evacuation of the tube, 
A reasonablic balancing of these two factors would 
eppcar vowse icasipiteg. TMiemamercase In accuracy, 
Resultant, Cannot bewosti Marea DULL would be of ex-= 


Beene Valucwiieamal yZinewperneabitiby Variation, 
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Be. TEST NO.1 - STANDARD CONSOLIDATION ‘TEST 

Test Data in graphical form is presented in 
foeure 16, 
bascussion: 

The data devoloped is typical of the "type" curves 
for the Kaolin clay usedi The work of previous investigators 
(10) closely parallels the results achievoedj The variance in 


Oe values is reasonable and the shape of curves is similar. 


v 

The problem of sample uplift, due to the head of 
Paeespermecameter, precludes permeability measurements prior 
to the application of $ ton per square foot loading. This, 
mewever, is not a serious difficulty since it should be noted 
that the loading range involved is usually on the precompress-= 
memmeoportion of the e-=log P curve, Since usable data can be 
developed only on the straight-line portion of the curve, 
[eee tne uplift preblem is no lonser cxistant, the problen 
Meeeenot actually affect test results. 

the dcverminaevem, ot ~Ghe permeability of the test 

Sores, under instantaneous load apnlication, is a problem 
which requires a great deal of interpretative analysis during 
ne orimary consolidation period. It is noted that an initial 
negative flow into the permeameter persists for a period of 
2-5 minutes, immediately following the application of load. 


woes t Low can be interpreted in three ways: 





(3) 
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That the flow is due to the squeezing out of Pore 
water by the application of load, which proccss is 
essentially complete during the primary consolidat- 
Ben period. With the diseaparion of such pore 
water, the head of the permcamctcr then induces a 
positive flow, The validity of the initial positive 
flow measurements is subject to sorious question 
Since there is still existant a varying amount of 
ByOrOStaULLemeGRCe ac. 

That the flow is duc to a hydraulic balancing of the 
PeOgd=1mMpOsScd poresp! cscumesomd Whee pormcame ler head, 
Such balancing semcubjccmmroua tino Lag Since the 
UPpansmissiol lity on sporcapressure diiiters at thic 

top and bottoin boundaries duc to the counterhcad 

of the permcamctcr, 


A combination of (11) and (2) above, 
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e t8STS NO. 2 and 3 - TINS DEPENDENT LOADIIG 


Test Data in graphical form is presented in 


Pigure 17, 


DISCUSSION: 


The rate of application of load in the majority 
of increments was such that the consolidation procoss 
was csscntially concurrent with load application. MThe 
curves dcvcloped show the same shape and range of 
Wameigtion tor cach test, 

The increase in the pormeability of the sample, 
MieGhemirteer SLAGCS Of the conssmiebdaeren process, is a 
phenonenon which appcars to offcr a subject for future 
Stucge ais ineroasc VSMnot prediecaumegenor 15 10 
always present. It would appear that, at some stage of 
PeeeOrAstic Trance, btherc lsvamerntornal adjustment of 
pore-channel "“cffeetive" arcas, which causes scattered 
increases and decrcascs in the permeability. The 
effect is such that it has been termed the "yo-yo 
effect". The only reasonable hypothescs proposed at 
the present time are; 

(i) That dissolved=@sascs in tne permeant 
(ic. water in these tests) are condensing and provid- 
ime an increase in flow voluitc, which is measurable 
on the permcamctcr, 

Meiiat tie Tonicaltye pound water ini)! ayia 


restricts the flow of the permcant during the primary 


“ 


rates 


a 
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consolidation poriod, is, by pressure adjustment, bcing 
sheared from the clay particles, thus incroasing flow 
by the volume of the sheared hull and the incrcascd 
volume of flow thru the cnlarged pore=channel. Dec- 
evexsc in flow could be the result of structural ro-= 
ereamecmont, duc to particics shifting, in response 
to the pressure void left by the shearing of the com- 
pressed watcr hull. Tho incroasced stress on the 
particles, which would cause such shifting, iS avail- 
ablo from the dissipation of the structural pscudo- 
hydrostatic-cxecss prossuro of the water hulli 

(3) That orrors in guage rcadings have occurcd, 
Due to the cumulative type readings taken, and tho 
repetition of this offoct, it is considercd that errors 


amomuo (5) abvove aro minimal, 
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D, TESTS NO. 4 = PSEUDO TIME=DSPENDUNT LOADING 
xs0s3v Data in graphical form is presenved in FPugurc 18. 
Although it was hoped that another test of this nature could 
Bemconductcd, failurc of a casting in the pressure line from 
the bellows to the guage system precluded conducting it. 
DISCUSSION: 
DMecmriiIVence ron tac mMagaitude of tho loading 
aaecrement 1S quite apparcnt in data dcevcloped by 
Geese peat, | Ime acvlavion from standard load in- 
em@ements dees nov unduly affect the c=-log P curve 
but it is in the ken relationship that the effect 
is most apparent and requires dctailcd analysis. 
RSemaymee=sce UMonmea Suudy sor Figure 17, tho tincanr 
relationship between the permeability and the porosity 
is not valid in the n-=n, region. It was therefore 
decided to utilize test 4, primarily to investigate 
meme CmsOlldaulon process im this arca, The usc of 
% ton increments of lading, shows the pormcability 
as a lincar function of the porosity up to the 6-7 
foreradec, Comparing this With Figure 17, it is notcd 
thay unc Stmaieht Lino relationship persisted only to 
the 4 TSF rangc.in Tosts No. 2@ and 3. This variance 
Can Oniyecc reasonably attributable to tho influcnec 
of the loading increments. It is suggested that the 


instantancous application of a major portion of the 
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total Load in ocech serics of tests (1.c.488F in- 
Creicave in fescs Nowe and os ortsr amr tosirNno. 4) 
causcs a massive structural rcarrangement which takes 
pistee na very short time intcrval® @ihesusc, of 
small increments in the carly portionsof both scrics 
of tests produccs a gradual structural rearrangenoent 
which takes place during a much longer time inteorval. 
Pee mporison Gf the rolative curve shanpcs at 7 Teh in 
CoeweoericssGh stesvs shows tho cfifoect of this Load 
Bplication Variance, In Tests 2 and 3 the k=n curve 
iV vommerron us cclinivcly cxpomcntial, whercas an 
Tost 4 it approaches lincarity 

Pepceumacnl GUCemmen sal This point 1s whether 
the lincar relationship bctweon k and n would continuc 
Chrous dditienaimesmall! Yead increment cyclos untad 
such time as a large load is applicd, or whether, at 
soine point, the permeability will asymtotically 
Gpermorcn a condition cf “constancy ovor a large change 
fMmpOlu@anry wba) shear failure occurs, It is 
hypothcsizcd, from the limited test data availablo, 
taat the lattcr will occur. Tho physical phenomenon 
involved would indicate that the gradual rearrangement 
of structure induced by small loading increments 
produccs@-wuct redviekion ineporc-channol cifcetive 


aroa, despite the shcaring of bound water prcviously 
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discussed, in -cicct, vingamount of shcaring 
Sccurimg, UNndcr snal) Poa sderememvs, is NOU 
sulmricicht to ReGainethc Tawi lecrieetive arca and, 
Gnus, periicableyypwdocreasos aula Limcan ravc wiruh 
the porosity. If however we consider the application 
Crea bareo load dncroment,sthc sh0arine olethic bound 
Watcr is of such magnitude that the cffective porc- 
cMomncil areca 1S reduced at a much lower rate thanicnhe 
suerc tes comorcssing, In cifoct we have retained ‘a 
PecaewiGruLgn Ol the eficetive channel arca despite 
fee ewicrboliin perosiby. 

UROmc Omsa@n ol this phenomenon to include ali 
Mead ese ups sO  eNC point whcre plastic flow will 
Coo Seo mcelmsere Taree jun in Che process of 
Pog@areh Lnvestigation, and is subjcetl to justifiable 
Comercltan. However, 1b 1S proposcd in the hope thay 
PiGuUre tivesuleators in this arca, may study tho 
problom in detail and by such study arrive at a 
Teorotgieamealysia Ol the causc of the phcnomonon, 

TMOermMOMcamcere! Gdotrailod analysis of the Ken 
Welter OMsomlp 15 Pealizcd when onc considers that the 
TecCeete vol uAtC=-SoCGpLcmont predictions, by cithor 
Hew wemZeomt Micory or Ghic Schiffman Extension, 
depend upon the porosityrpermcability rolationship, 


iD Pineicmabtastpactlom Ol hydrocgba ule soxceseephosaure 


+> 
Oo -— <-> 
; 
+ 
a a) 
ee 
i, 





on 


iPS) eoverncd Dy (Ghe  avorlaoti oy wOmmacts Cctivo”’ pore 
chammacls for flew, Since by Ueemayootnesis proposcd 
AbOVG, Uicerol lationship 15 commolsed not Only by 
the rate of loading but also by the amount of load, 
it i8 apparent that further study of this problem is 
Gseenvial to a cicarcr analysis of the constant 
Peymeabidgity over a finite timo incrcmcnt approximac= 
PV OumunouValimabie permeability condition, Wbilized 
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PART VI. 


CONCLUSIONS 


ime The assumption of lincar variation of pormeability 
and porosity 4s proposcd by Schmid, and utilizcd 
by esCoaLlahian in developing his Extcnsion to theo 
Mieegaye eo: Consolidation ls valid for consvruction 
Miemuoucdime@e(1O, small doads sappiiod over long 
time periods in ropetitive scquencc). 

fee rhe aSsumption of lincar variation of permeability 
and porosity is not valid undor conditions of 
TateewiogebiLo TOgd ancrorionts applied during 4 
short time intervals 

fweelv is hypothcsized that an cxponential rclationship 
cxXists botwoen permeability and porosity for the 
Comemerons SvabCdad in 2 acove, ) Ine valuo of the 
exponouulal relationship 18 4 function not only 
Ol wutemeacone Hondine, buy also of the magnitude 
Si the Mioadeinercincniy and it is suggested that such 
Mia Occ mosvccd OY sumo ShOoring of tho water 
Mite rOnmuneme bay paruicles undor intconso 
ieVecWoLOneennsuUrUc humo during a short Uiaie 
Peemede luis strongly recomacndcod that further 
iivecteenclon, bo conducted atv highcr load inerements 


to test the validity of this hypothesis. 








4, It is furthor suggested that tho poriacability variance, 
previously roferred to as the "yosyo" offect, ro- 
quires that, for the finite incroment approximation 
in tho Variable Pormcability case, developed by 
Schiffman, the incroments must be kept as small as 
possiblo. This limits the gonoral uscfullness of 
themoapprexcimatvion,wsimco practical laboratory 
tochniques preclude constant attendance, As noted 
by Schiffman (9) the degree of accuracy is a functe- 
fon of the time increments utilized, Since the 
variance of permcability is neither prodictable 
nor always present, the use of the approximation 
tochniquoe for thc solution of the VeriLabl 
permeability problem requires further investigation 
sad analysis bchoere a define conclusion can be 
drawn. 

5, No conclusion is drawn relative to the consolidation- 
pormeability-time rolationsimpmcamcosl 1 vLing 
procedures for comparison of test curves and the 
thoorctical curves developed by Schiffiman, have 
not boon established, It is inforred from the 
permeability-porosity rclationships, developed 
during this study, that tho rato of loading and 
amount of load will also govern tho solution of 


this problem. 
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APPSNDIX A 
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